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The exocrine pancreas exhibits a distinctive capacity for tissue regeneration and 
renewal following injury. This regenerative ability has important implications for a variety 
of disorders, including pancreatitis and pancreatic cancer, diseases associated with high 
morbidity and mortality. Thus, understanding its underlying mechanisms may help 
develop therapeutic interventions. Serotonin has been recognized as a potent mitogen 
for a variety of cells and tissues. Here we investigated whether serotonin exerts a 
mitogenic effect in pancreatic acinar cells in three regenerative models, namely 
inflammatory tissue injury following pancreatitis, tissue loss following partial 
pancreatectomy and thyroid hormone-stimulated acinar proliferation. Genetic and 
pharmacological techniques were used to modulate serotonin levels in vivo. Acinar de-
differentiation and cell cycle progression during the regenerative phase were 
investigated over the course of two weeks. By comparing acinar proliferation in the 
different murine models of regeneration, we found that serotonin did not affect clonal 
regeneration of mature acinar cells. However, it was required for acinar de-differentiation 
following inflammation-mediated tissue injury. Specifically, lack of serotonin resulted in 
delayed up-regulation of progenitor genes, delayed formation of acinar-to-ductal 
metaplasia and defective acinar cell proliferation. We identified serotonin-dependent 
acinar secretion as a key step in the progenitor-based regeneration, as it promoted 
acinar cell de-differentiation and the recruitment of type 2 macrophages. Finally, we 
identified a regulatory Hes1-Ptfa axis in the uninjured adult pancreas activated by 
zymogen secretion. Our findings indicate that serotonin plays a critical role in the 
regeneration of the adult pancreas following pancreatitis by promoting de-differentiation 
of acinar cells.  
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Introduction 
Despite a low homeostatic turnover, the adult exocrine pancreas has the ability to 
regenerate following an inflammatory insult. An increasing number of reports have 
revealed that during this regenerative process acinar cells, which constitute the most 
abundant cell population of the exocrine tissue,  transiently de-differentiate and initiate a 
genetic program resembling the one found in embryonic pancreatic precursors (recently 
reviewed in [1,2]). Although numerous studies have identified crucial factors involved in 
the regeneration of acinar cells, the precise mechanisms initiating the cascade of events 
leading to their de-differentiation have not yet been identified. Serotonin (5-
hydroxytryptamine, 5-HT), a monoamine stored and released by circulating platelets, 
has long been recognized as a potent bioactive molecule with mitogenic effects not only 
during embryonic development [3,4] but also in adult cells [5]. Examples of the mitogenic 
role of 5-HT in adult tissues include liver regeneration following hepatectomy [6],   
megakaryocyte colony formation [7], pulmonary artery smooth muscle cell proliferation 
[8] and beta cell expansion during pregnancy [9].  
We recently showed that 5-HT plays a major role in the pathophysiology of the exocrine 
pancreas where it promotes acinar cell secretion and exacerbates the severity of 
inflammation at the onset of acute pancreatitis [10]. Here we investigated whether 5-HT 
acts as a mitogen for pancreatic acinar cells and thus promotes tissue regeneration. To 
this aim, we compared three types of regenerative stimuli, namely cerulein-induced 
pancreatitis, partial pancreatectomy and thyroid hormone supplementation, in mice 
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deficient in peripheral 5-HT (tryptophan hydroxylase 1 knocked-out, TPH1-/-), and in wild 
type mice supplemented with 5-HT precursor. 
Material and methods 
Animal experiments 
All animal experiments were performed in accordance with Swiss federal animal 
regulations and approved by the cantonal veterinary office of Zurich. Pancreatitis was 
induced in adult (8-10 weeks of age) wild-type (WT) C57BL/6 (Harlan Laboratories, 
Horst, The Nederlands) and TPH1-/- mice [11] on a C57BL/6 background (own breeding) 
via six intra peritoneal (i.p.) injections of 50 µg/kg cerulein administered hourly over a 
two week period, as described in Supplementary Materials and Methods and [12]. 
Pancreatectomy was performed according to [13], with the procedure adapted to remove 
60% of the organ. 400 µg/kg 3,5,3-L-tri-iodothyronine (T3) was administered daily via i.p. 
injections for six days.  20 mg/kg 5-hydroxytryptophan (5-HTP) was administered by two 
subcutaneous injections per day, 12 hours apart. The treatment was started one day 
before cerulein treatment; control animals received 0.9% NaCl injections.  
 
Histology, immunohistochemistry and immunoblotting 
Detailed protocols and primary antibodies used in this study are listed in Supplementary 
Materials and Methods. Quantification of labelled cells was performed in at least 10 
randomly selected high-power fields (×100) per slide. Non-acinar tissue areas (islets, 
vessels, fibrotic tissue) were excluded from the analysis. 
Electron microscopy analysis 
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WT and TPH1-/- mice were harvested 8 hours after the beginning of cerulein treatment. 
Sliced pancreata were fixed in 2% glutaraldehyde/1% paraformaldehyde in 0.1M Na/K-
phosphate for 90 min. After washing, the samples were postfixed with 1% osmium 
tetroxide in 0.1M Na/K-phosphate for one hour, dehydrated in a graded ethanol series, 
transferred to acetone for embedding in Epon and polymerized at 60°C for 2.5 days. 
Ultrathin sections were stained with uranyl acetate and lead citrate and examined at an 
acceleration voltage of 100 kV in a Philips CM 12 transmission electron microscope 
(Eindhoven, The Netherlands) equipped with a CCD camera (Ultrascan 1000, Gatan, 
Pleasanton, CA).  
Transcript analysis 
Total RNA was extracted from pancreata as previously described [14] and reverse 
transcribed with qScript™ cDNA SuperMix (Quanta Biosciences). Transcript levels were 
normalized using 18S rRNA as a reference and expressed as fold regulation relative to 
the value of untreated control animals. Taqman probes (Applied Biosystems) used in 
this study are listed in Supplementary Materials and Methods. 
Results 
Lack of 5-HT results in defective acinar cell proliferation and delayed ADM 
formation  
To test whether 5-HT is mitogenic for acinar cells, we compared acinar proliferation 
following induction of pancreatitis in WT and  in TPH1-/- mice, characterized by reduced 
5-HT levels in the periphery but normal 5-HT signaling in the nervous system [10]. 
Unexpectedly, TPH1-/- animals showed a significantly higher number of acinar cells 
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positive for the general cell cycle activation marker Ki67 after one week of cerulein 
treatment compared with WT animals, while the number of bromodeoxyuridine (BrdU) 
positive cells in G1/S phase was similar in the two strains. Phospho-histone H3 (pH3) 
positive acinar cells in G2/M phase increased in TPH1-/- mice only 14 days after the 
beginning of the treatment (Fig. 1A, S1A). Acinar and interstitial cells were distinguished 
based on nuclear size, shape and location, as shown in Fig. S1B, C. Quantification of 
acinar cells in G2 phase, displaying punctuate pH3 staining, and in mitotic phase, with 
homogeneous nuclear pH3 staining [15], showed a reduced transition into mitotic phase 
in TPH1-/- animals one week after induction of pancreatitis (Fig. 1B).  
In addition, formation of acinar-to-ductal metaplasia (ADM), a transient trans-
differentiation observed during pancreatitis-induced regeneration, was delayed in TPH1-
/- mice three days after induction of pancreatitis (Fig. 1C). The slower kinetics of ADM 
formation was not the result of defective expression or re-localization of β-catenin, a key 
a transcriptional activator promoting ADM formation [16]. β-catenin was similarly 
localized on the plasma membrane and nuclei of intact acinar cells in both strains (Fig. 
1D) and was also found in ADM of WT animals and in the rare areas with reduced 
amylase content in TPH1-/- mice (Fig. 1E, arrowheads). Seven days after induction of 
pancreatitis, mature clustered ductal structures were visible in TPH1-/- mice and were 
similar to WT ADMs in terms of β-catenin expression, Sox9 up-regulation, amylase 
down-regulation and activation of αSma-positive stellate cells (Fig. 2A, S2). Taken 
together, these data indicate that, upon cerulein stimulation, TPH1-/- acinar cells are able 
to initiate the cell cycle; however, they display defective cell cycle progression and 
delayed ADM formation.  
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Lack of 5-HT delays acinar de-differentiation during pancreatitis 
Proliferation of pancreatic acinar cells is preceded by a temporary de-differentiation and 
up-regulation of markers normally associated with pancreatic ductal or progenitor cells 
[17]. Concomitant with reduced ADM formation, TPH1-/- mice showed delayed up-
regulation of the ductal marker cytokeratin 19 (CK19) three days after induction of 
pancreatitis (Fig. 2A, B). In addition, delayed up-regulation was also observed for 
several progenitor markers, including Sox9, Hes1, Notch1, Hnf1β. Ductal and progenitor 
gene expression was higher in TPH1-/- than in WT animals after 14 days of pancreatitis, 
with the exception of Aldh1, the expression of which was comparable in the two strains 
(Fig. 2A, B). 
Noteworthy, delayed progenitor gene up-regulation in TPH1-/- mice was not 
accompanied by defective down-regulation of genes typical of the differentiated state, 
such as secretory granule enzymes and transcription factors controlling acinar cell 
identity, such as Mist-1[18-20] (Fig. S3). These data indicate that WT and TPH1-/- mice 
responded equally to the cerulein stimulus by down-regulating genes specific to mature 
differentiated acinar cells. However, amylase content did not decrease in TPH1-/- acini, 
as quantified by western blotting (Fig. 3A), enzymatic activity (Fig. 3B) and 
immunofluorescence analysis (Fig. 3C), indicating that down-regulation of zymogen 
transcripts was not sufficient to induce zymogen loss in these mice. Autophagy can 
reduce zymogen content by intracellular degradation [21]. However, autophagy was not 
differentially regulated in TPH1-/- mice, as shown by comparable processing of the 
autophagic protein LC3 (Fig. S4A). Similarly, autophagic marker p62 [22] showed 
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widespread expression in acini at 8 hours and down-regulation one day after induction of 
pancreatitis in both strains (Fig. S4B, C).  
Increased zymogen secretion promotes acinar de-differentiation during acute 
pancreatitis 
An alternative cellular mechanism explaining zymogen loss observed in acinar cells 
following pancreatitis could be the secretion of zymogens into extracellular space. We 
previously showed that TPH1-/- mice have impaired zymogen secretion [10]. This 
defective secretory process was further investigated at the ultrastructural level. Electron 
microscopy analysis revealed that zymogen granules were more tightly packed in TPH1-
/- than in WT mice, both in control and after cerulein treatment (Fig. 3D). Furthermore, 
size distribution analysis showed that granule size, comparable in the two strains in the 
untreated controls, increased after stimulation of secretion, indicative of granule swelling 
preceding content expulsion [23]; however, the enlargement was higher in TPH1-/- (Fig. 
3E), presumably a consequence of impaired secretion. Thus, our results show that 
reduced zymogen secretion observed in the absence of 5-HT is associated with 
defective zymogen loss followed by delayed up-regulation of progenitor genes. To test 
whether 5-HT-dependent zymogen secretion is required to initiate acinar de-
differentiation following pancreatitis, we increased zymogen secretion 24 hours before 
cerulein administration by treatment with 5-hydroxytryptophan (5-HTP) (regimen scheme 
depicted in Fig. 4A), a precursor of serotonin that dose-dependently stimulates apical 
secretion of zymogens into pancreatic ducts (reviewed in [24]). This stimulated secretion 
is associated with a protective effect during induction of acute pancreatitis [25-27]. 
Under 5-HTP supplementation and one day of pancreatitis, we also observed lower 
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levels of inflammatory infiltrates in the pancreas (Fig. 4B), chemokine expression (Fig. 
4C) and serum amylase (Fig. 4D), likely due to the increased 5-HTP-stimulated apical 
secretion counteracting the aberrant baso-lateral secretion induced by cerulein. The 
reduced severity of the disease did not translate in reduced acinar cell de-differentiation, 
as 5-HTP+cerulein-treated mice showed robust amylase loss in the pancreas similar to 
cerulein-treated mice (Fig. 4E). In addition, these mice had increased RNA levels of 
progenitor gene Hes-1 (Fig. 4F) and earlier expression of Sox-9 in acinar cell nuclei (Fig. 
4G). These results suggest that stimulation of zymogen secretion enhances acinar de-
differentiation following induction of pancreatitis. However, despite reducing the initial 
inflammation, one set of 5-HTP supplementation (regimen scheme depicted in Fig. S5A) 
was not sufficient to promote pancreatic regeneration, as shown by comparable levels of 
acinar and interstitial cell replication (Fig. S5B) and inflammatory cell infiltration (Fig. 
S5C) three days after induction of pancreatitis. In addition, increasing the dose of 5-HTP 
supplementation stimulated the expression of progenitor (Fig. S5D) and inflammatory 
genes (Fig. S5E) compared to one set of 5-HTP. 5-HTP supplementation over 14 days 
further boosted the up-regulation of inflammatory genes (Fig. S5F), and resulted in an 
increased trend of acinar cell replication (Fig. S5G), ADM formation (Fig. S5H) and 
inflammatory infiltration (Fig. S5I), suggesting that supplementation with exogenous 5-
HTP did not ameliorate disease progression. 
Lack of 5-HT delays the expression of MMPs during pancreatitis 
As inflammatory cells play an active role in ADM formation, we then tested the level of 
pancreatic inflammation in the two strains. TPH1-/- mice showed reduced inflammation 
after one [10] and three days of pancreatitis (Fig. 4H, S6A). At this time point, 
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expression of type-2 macrophage markers Mgl1 and Mrc1 was also reduced in TPH1-/- 
mice, while the type-1 marker Nos2 was comparable in the two strains (Fig. 4I), 
Macrophage marker expression increased in TPH1-/- mice at later time points (Fig. S6B). 
Cytokines secreted by macrophages stimulate matrix metalloproteinase (MMP) 
synthesis and secretion in acinar cells, thus driving digestion of extracellular matrix and 
ADM formation [28]. Concomitant with reduced macrophage infiltration, TPH1-/- mice 
showed a reduced trend of MMP7 (Fig. 4L) and TNFα expression (Fig. S6C).  
Then we digested the pancreatic extracellular matrix with collagenase and compared de-
differentiation of isolated acini after culture in suspension for 24 hours, as described [29]. 
In this in vitro setting, de-differentiation was similar in WT and TPH1-/- acini, with or 
without exogenous 5-HT added to the medium (Fig. 4M), suggesting that the 5-HT 
mediated effect is exerted up-stream of extracellular matrix digestion.  
Analysis of vascular associated factors, including CD146 and VEGF, did not show 
alterations in the two strains after three days of pancreatitis, when the major ADM 
difference was observed, but their expression remained elevated in TPH1-/- mice after 
14 days of the disease (Fig. S6D). 
Lack of 5-HT does not alter clonal regeneration of acinar cells following partial 
pancreatectomy and T3 administration. 
As we found that 5-HT supports progenitor-based regeneration following pancreatitis, we 
then investigated whether zymogen secretion is also required for pancreatic 
regeneration that does not depend on robust acinar de-differentiation and activation of 
progenitor genes. To this aim, we analyzed acinar replication following 60% partial 
pancreatectomy (PPX) that triggers a regenerative response preferentially based on 
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clonal division of differentiated acinar cells.  Acinar replication, albeit lower than the one 
induced after pancreatitis at all the time points analyzed, peaked one week following 
PPX (Fig. 5A). Importantly, TPH1-/- mice did not show accumulation of Ki67 positive 
acinar cells (Fig. 5A, B). The replication peak was not preceded by robust expression of 
progenitor genes, the up-regulation of which was lower than during pancreatitis and 
comparable in the two strains, with the exception of Hes1 that increased at the two week 
time point only in WT mice (Fig. 5C). In addition, pancreata isolated after pancreatic 
resection showed comparable amylase content (Fig. 5D) and minimal levels of 
inflammation, apoptosis and fibrosis in the two strains (Fig.S7A-C). To test the effect of 
5-HT in another model of inflammation-independent regeneration, we induced acinar 
proliferation by administering the thyroid hormone 3,5,3-L-tri-iodothyronine (T3) [30,31]. 
T3 treated WT and TPH1-/- mice showed similar levels of acinar replication (Fig. 5E) and 
minimal leukocyte infiltration (Fig. 5F). Collectively, these data revealed that acinar 
replication following PPX and T3 administration is not affected by the lack of 5-HT.  
5-HT receptors are up-regulated during pancreatic regeneration 
As 5-HT signals via specific 5-HT receptors and transporter, we then compared their 
expression during pancreatic regeneration. Type 1 and 2 receptors, known to play a role 
in regeneration of liver and heart [6,32,33] and found up-regulated in pancreatic cancer 
[34], were up-regulated following pancreatitis in WT mice and showed a delayed kinetic 
in TPH1-/- animals (Fig. S8A). Analysis of samples with reduced inflammation, such as 
TPH1-/- and 5-HTP supplemented WT mice one day after pancreatitis, indicated that 
inflammatory cells substantially contribute to the observed level of receptor expression, 
except in the case of 5-HT2A (Fig. S8B). Similarly, PPX samples, characterized by 
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minimal tissue inflammation, showed lower 5-HT receptor and transporter expression 
compared with pancreatitis specimens (Fig. S8C). Interestingly, expression of 5-HT2B 
robustly increased in WT mice 14 days after PPX. 
To test whether acinar cells also express 5-HT receptors and transporter, we isolated 
pancreatic acini one day after pancreatitis induction. In WT acinar cells, expression of 5-
HT receptors, but not transporter, increased upon disease induction. TPH1-/- acini had 
an opposite trend of receptor expression compared with WT cells, showing lower type 1 
and higher type 2 receptor levels (Fig. S8D). Collectively, these results indicate that 
pancreatic regeneration is associated with up-regulation of 5-HT receptors and 
transporter, which can be expressed not only by infiltrating cells but also by pancreatic 
acini. 
Hes1-Ptf1a axis is activated in the uninjured adult pancreas 
As we observed that 5-HTP treatment enhanced acinar de-differentiation following 
induction of pancreatitis (Fig. 4E, F), we then tested whether this regulation was 
observed also in the absence of tissue damage.  5-HTP-treated WT mice had normal 
levels of serum and tissue amylase (Fig. 4C, D) and no Sox9 expression in acinar cells 
(Fig. 6A), suggesting that increased secretion into ducts is not sufficient to activate 
acinar de-differentiation. However, 5-HTP treatment increased the expression of the 
progenitor gene Hes1 in the pancreas (Fig. 6B), albeit at a lower level than following 5-
HTP+cerulein treatment. Hes1 is a critical orchestrator of pancreatic embryogenesis 
(reviewed in [35]),  as it  regulates maintenance of progenitor cells and timing of cell 
differentiation by antagonizing the function of Ptf1a, a basic helix-loop-helix transcription 
factor that promotes zymogen synthesis [36]. Hes1 up-regulation following 5-HTP 
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treatment was concomitant with Ptf1a down-regulation (Fig. 6B). Moreover, early time 
points following cerulein treatment showed initial Ptf1a up-regulation followed by Hes1 
expression and subsequent Pft1a down-regulation. 24 hours after induction of 
pancreatitis, Ptf1a levels were higher in TPH1-/- mice with delayed Hes1 up-regulation 
(Fig. 6C). This suggests that the inhibitory function of Hes1 on Ptf1a expression 
described during development may be active also in the adult pancreas. We further 
explored the Hes1-Ptf1a regulation in an in vitro system where the acinar cell line AR42J 
was stimulated toward a more differentiated and secretory phenotype by treatment with 
dexamethasone [37]. 48 hours of dexamethasone treatment changed the cell 
morphology from a more spheroid to flattened shape (Fig. S9A), led to decreased 
replication of AR42J cells (Fig. S9B), increased amylase content (Fig. 6D) and 
decreased Sox-9 expression (Fig. 6E). Similar to what we observed in vivo, AR42J 
differentiation showed an initial increase of Ptf1a expression that was then reduced 
following Hes1 up-regulation (Fig. 6F). 
Taken together, the in vivo and in vitro results presented here show that conditions of 
increased zymogen secretion and synthesis in acinar cells are associated with the 
activation of the Hes1-Ptf1a axis. These data not only indicate that different progenitor 
genes are regulated in a different manner in acinar cells, but also that the Hes1-Ptf1a 
axis may contribute to maintain physiological zymogen levels in the adult pancreas in 
the absence of acinar cell damage. 
Discussion 
The remarkable regenerative capacity observed in organs of several non-mammalian 
vertebrates often involves the de-differentiation of mature cells (reviewed in [38]). 
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Notably, cell de-differentiation is also observed in the regeneration of the adult exocrine 
pancreas of mammals following pancreatitis. In this organ, differentiated acinar cells 
transiently revert into a progenitor state following injury, thus likely acting as facultative 
progenitor cells and initiating a replicative program leading to exocrine tissue repair 
(reviewed in [1,39,40]). This de-differentiation of adult pancreatic acinar cells is a critical 
process within the regenerative mechanism, as bona fide resident stem cells have not 
been reported in the adult pancreas (reviewed in [39]). Our results showed that, 
differently from what has been observed in other cell types and tissues [6,33,41-46], 5-
HT does not act as a strong mitogen for acinar cells, as acinar replication was 
unchanged in vivo in the absence of 5-HT following 60% pancreatectomy and T3 
stimulation and in vitro in AR42J acinar cells treated with 5-HT (data not shown). 
However, 5-HT is required for acinar de-differentiation following inflammatory-mediated 
tissue damage. In this context, it is important to mention that 60% pancreatectomy is 
characterized by a moderate level of acinar cell de-differentiation and replication 
compared with the more robust regeneration observed during induction of pancreatitis. 
These observations support the notion that, according to the type and extent of tissue 
injury, the mammalian pancreas has the ability to trigger different regenerative 
mechanisms, which are driven by activation of a progenitor-like program or by a simple, 
clonal proliferation of differentiated acinar cells (reviewed in [39,47]). Furthermore, as 
progenitor-based and clonal modalities of regeneration are not mutually exclusive and 
are likely to co-exist, the clonal regeneration independent from zymogen secretion is 
likely to account for the replication observed in TPH1-/- mice with compromised 
progenitor-based regeneration. 
15 
 
A major challenge undertaken in our study was to elucidate the mechanisms by which 5-
HT affects acinar de-differentiation and ADM formation. We identified 5-HT-dependent 
secretion of zymogen content as one of the step promoting up-regulation of progenitor-
like genes, suggesting that physical removal of zymogens via secretion has to occur to 
allow de-differentiation of adult acinar cells. However, additional mechanisms are likely 
to contribute to the observed delayed de-differentiation and ADM formation in the 
absence of 5-HT. We found that reduced secretion in TPH1-/- mice limits chemokine 
production and leukocyte infiltration in the early stages of cerulein-induced pancreatitis 
([10] and this work). Thus, it is possible that the few infiltrating leukocytes released a 
limited amount of pro-inflammatory cytokines that may not have been sufficient to 
stimulate acinar de-differentiation and ADM formation. Indeed, TPH1-/- mice had reduced 
levels of TNFα and MMP, both factors critical to induce ADM formation [28]. The 
comparable de-differentiation observed in vivo in isolated acini supports the hypothesis 
that the 5-HT effect is not acinar cell autonomous but is mediated by macrophage-
stimulated extracellular matrix digestion. However, it has to be noted that, despite 
sharing phenotypic similarities, the in vitro acinar de-differentiation may not completely 
reflect the molecular mechanisms occurring in the in vivo de-differentiation upon 
pancreatitis induction. Indeed, the process of acinar isolation per se activates Ras and 
its down-stream effectors ERK and AKT [29], the activity of which promotes cell de-
differentiation. Thus, it is possible that the in vitro procedure bypasses a cell 
autonomous, 5-HT-mediated process occurring in vivo. In support of this hypothesis, 5-
HT has been reported to act upstream Ras-dependent ERK1/2 activation via binding to 
different 5-HT receptors [48-50]. 
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In this regard, an alternative explanation for the aberrant progenitor-based regeneration 
observed in TPH1-/- mice is that 5-HT directly stimulates the expression of progenitor 
genes via 5-HT receptor signaling or intracellular mechanisms following its uptake. We 
found that type 1 and 2 5-HT receptors were up-regulated during pancreatic 
regeneration, following both pancreatitis and PPX. Of note, type-1 5-HT receptors were 
recently described to promote proliferation of human pancreatic cancer cells [34]. 
Finally, we also discovered an activation of the Hes1-Ptf1a axis in the uninjured 
pancreas.  Both under in vivo and in vitro experimental conditions, Hes1 up-regulation 
was accompanied by down-regulation of Ptf1a expression. This suggests the presence 
of a tightly regulated control of Ptf1 expression by Hes1 in the adult pancreas, 
reminiscent of the embryonic situation. Hence, our data are in support of a dual role of 
Hes1 in the pathophysiology of the pancreas. In physiological situations, increased 
zymogen secretion is associated with moderate Hes1 up-regulation, which limits Ptf1a 
expression and thus contributes to acinar homeostasis by preventing excessive 
zymogen expression. In pathological situations that trigger acinar replication, a higher 
Hes1 up-regulation occurs with a consequent reduction of transcription factors and 
proteins required to maintain acinar function. This down-regulation of differentiation 
genes may provide the cells with the suitable environment to up-regulate a broader set 
of progenitor genes, leading to a robust acinar proliferation and organ repair. 
Collectively, these results indicate that expression of progenitor genes is not a 
synchronous event. Therefore, similarly to what was observed in the determination of 
diverse cell fates during development [51], the different time of expression of these 
transcription factors in the adult pancreas may reflect their distinctive function during 
homeostasis and regeneration.  
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While highlighting the impact that 5-HT exerts on the de-differentiation and proliferation 
abilities of pancreatic cells under different regenerative conditions, this study 
nevertheless has some limitations. First, the use of a general TPH1 knocked out model 
system precludes the dissection of the individual cell contribution in the synthesis of 5-
HT. Serotonin is mainly produced by intestinal enterochromaffin cells and stored and 
released by circulating platelets. However, additional sources of serotonin exist, 
including nerve fibers, which are abundant in the pancreatic tissue, β-cells [52] and even 
acinar cells [53].  In addition, further studies are necessary to characterize the role of the 
different 5-HT receptors present on acinar and non-acinar cells to fully understand their 
contribution during pancreatic regeneration.  Finally, an aspect of the 5-HT biology that 
has not been addressed in this study is a thorough characterization of vascular function. 
Disturbances in microcirculation, including vasoconstriction, are associated with acute 
pancreatitis (reviewed in [54]).  As 5-HT is a potent vasoconstrictor, it will be worth 
exploring whether alterations in the vascular biology contribute to the observed 
phenotype in TPH1-/- mice. 
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Figure legends 
Figure 1. Lack of 5-HT results in defective acinar cell proliferation and delayed ADM 
formation. A. Quantification of replication markers expressed in pancreatic acinar cells 
showed increased number of Ki67 positive cells in TPH1-/- mice after 7 and 14 days of 
pancreatitis.  B. Relative amount of acinar cells in G2 and M phases determined by pH3 
staining pattern 7 and 14 days after pancreatitis induction. Data are expressed as 
percentage of the total number of pH3 positive cells with punctate (G2 phase) or 
complete nuclear staining (M phase). C. Hematoxylin-Eosin (H&E)-staining and ADM 
quantification showed lower amount of ADM (asterisks) in TPH1-/- mice after three days 
of pancreatitis induction. Lower panels: enlarged views of insets three days after 
pancreatitis. Note the presence of mature ADM in WT mice characterized by loss of 
acinar content and tubular complex formation. TPH1-/- pancreata presented sporadic de-
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regulation of acinar content (stars) without re-organization into tubular structures. D. 
Confocal pictures showing nuclear localization of β-catenin in WT and TPH1-/- pancreata 
three days after induction of pancreatitis. Nuclei are stained with DAPI (blue). E. Amylase 
and β-catenin staining three days after induction of pancreatitis. Circled area and 
asterisk in WT pancreata represent ADM. Right panels: enlarged views of insets. 
Arrowhead, area with reduced amylase content and increased β-catenin expression in 
TPH1-/- pancreata. Results are average ± SEM (n=5), *p<0.05. Scale bars: 50 µm. 
Figure 2. Lack of 5-HT delays acinar de-differentiation during pancreatitis. A. 
Cytokeratin 19 (CK19), Sox9, β-catenin and amylase staining three and seven days after 
induction of pancreatitis. Nuclei in the IF pictures are stained with DAPI (blue).  B. qPCR 
of ductal and progenitor markers during the indicated times of cerulein-induced 
pancreatitis showed delayed expression in TPH1-/- pancreata. Results are average ± 
SEM (n=5), *p<0.05. Scale bars: 50 µm. 
Figure 3. Lack of 5-HT prevents loss of amylase during pancreatitis. Biochemical 
determination of amylase activity (A) and immunoblotting of 10 µg of proteins (B) 
showed down-regulation of amylase in pancreatic tissue of WT but not TPH1-/- mice one 
day after cerulein treatment. C. Immunostaining of amylase during 14 days of 
pancreatitis induction showed decreased protein expression in WT but not in TPH1-/- 
mice one day after cerulein treatment. D. Electron micrographs of WT and TPH1-/- 
pancreata. Note the close proximity of zymogen granules with reduced inter-granule 
space in TPH1-/- mice, both in control and cerulein treatment. L, acinar lumen with 
evident microvilli. V, zymogen granule, M, mitochondrion. RER, rough endoplasmic 
reticulum. Right panel, quantification of the area occupied by granules expressed as 
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percentage of total area. E. Size distribution of zymogen vesicle diameter. Note the 
higher abundance of vesicles with large diameter in TPH1-/- mice following pancreatitis 
induction. Results are average ± SEM (n=5), *p<0.05. Scale bars: 1 µm. 
Figure 4. A. Scheme depicting the combined regimen with 5-HTP and cerulein (Cer). 
0.9% NaCl was used as vehicle control. Circles indicate days of treatment starting from 
the first cerulein injection and triangles indicate days of animal harvest. Pan-leukocyte 
immunostaining with anti-coronin 1 (B) and qPCR of pro-inflammatory chemokine MCP-
1 (C) showed lower inflammation upon 5-HTP supplementation one day after induction 
of pancreatitis. Serum (D) and tissue (E) levels of amylase 8 hours after pancreatitis 
induction following 5-HTP supplementation. qPCR of Hes1 (F) and immunostaining of 
Sox9 (G) one day after pancreatitis induction following 5-HTP supplementation. H. 
inflammatory cell quantification after PU.1 immunostaining showed reduced infiltration in 
TPH1-/- mice three days after pancreatitis induction. I. qPCR of type1 and 2 macrophage 
markers three days after pancreatitis induction. L. qPCR of matrix metalloproteinase 7 
(MMP7) at the indicated days of pancreatitis induction. M. qPCR of progenitor and 
zymogen markers in isolated acini (inset) cultured for 24 hours in suspension to induce 
differentiation. 5-HT was added to the medium at 20 µM concentration. Results are 
average ± SEM (n=5), *p<0.05. Scale bars: 50 µm. 
Figure 5. Lack of 5-HT does not alter clonal regeneration of acinar cells following 60% 
pancreatectomy (PPX) and thyroid hormone T3 stimulation. A. Quantification of 
replication markers expressed in pancreatic acinar cells at the indicated times after 
partial pancreatectomy. B. Immunostaining of Ki67 at the indicated time points following 
PPX. Pictures represent an inset (1:10) of the original images used for Ki67 
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quantification. C. qPCR of progenitor-cell markers at the indicated times after PPX.  
Note that WT but not TPH1-/- mice increased Hes1 expression 14 days after surgery. 
Expression levels obtained in WT mice after cerulein induced pancreatitis (WT CIP) are 
shown as a comparison. D. Immunostaining of amylase showed comparable protein 
contentn in WT and TPH1-/- mice following PPX. E. Quantification of Ki67 expressed in 
pancreatic acinar cells following T3 administration for six days. F. Pan-leukocyte 
immunostaining with anti-coronin1 showed comparable level of inflammatory cells in 
control and treated mice. Results are average ± SEM (n=3-5), *p<0.05. Scale bars: 50 
µm. 
Figure 6. Increased zymogen secretion stimulates Hes1 expression in the uninjured 
pancreas. A. Left panel, immunostaining of Sox9 following 5-HTP supplementation 
showed nuclear expression of the protein in interstitial and centro-acinar cells but not in 
acinar cells. Right panel: qPCR analysis showed comparable levels of Sox9 transcripts 
in control and 5-HTP-treated pancreata. B. qPCR analysis showed Hes-1 up-regulation 
and Ptf1a down-regulation in mouse pancreata following 5-HTP treatment. C. qPCR of 
Ptf1a and Hes1 expression in WT and TPH1-/- mice in the early phases after pancreatitis 
induction. Dexamethasone treatment of pancreatic acinar AR42J cells for 48 hours 
increased cellular content of amylase (D) and reduced Sox9 expression at both 
transcript (left panel) and protein (right panel) levels (E), indicative of increased cellular 
differentiation. F. qPCR analysis showed a time-dependent increase of Hes1 and 
decrease of Ptf1a expression in dexamethasone-treated cells. Results are average ± 
SEM (n=5), *p<0.05. Scale bars: 50 µm. 
 
22 
 
1. Ziv O, Glaser B, Dor Y. The plastic pancreas. Developmental cell 2013; 26: 3-7. 
2. Kong B, Michalski CW, Erkan M, et al. From tissue turnover to the cell of origin for 
pancreatic cancer. Nature reviews Gastroenterology & hepatology 2011; 8: 467-
472. 
3. Buznikov GA, Lambert HW, Lauder JM. Serotonin and serotonin-like substances 
as regulators of early embryogenesis and morphogenesis. Cell and tissue 
research 2001; 305: 177-186. 
4. Walther DJ, Bader M. Serotonin synthesis in murine embryonic stem cells. Brain 
research Molecular brain research 1999; 68: 55-63. 
5. Fanburg BL, Lee SL. A new role for an old molecule: serotonin as a mitogen. The 
American journal of physiology 1997; 272: L795-806. 
6. Lesurtel M, Graf R, Aleil B, et al. Platelet-derived serotonin mediates liver 
regeneration. Science 2006; 312: 104-107. 
7. Yang M, Srikiatkhachorn A, Anthony M, et al. Serotonin stimulates 
megakaryocytopoiesis via the 5-HT2 receptor. Blood coagulation & fibrinolysis : 
an international journal in haemostasis and thrombosis 1996; 7: 127-133. 
8. Morecroft I, Dempsie Y, Bader M, et al. Effect of tryptophan hydroxylase 1 
deficiency on the development of hypoxia-induced pulmonary hypertension. 
Hypertension 2007; 49: 232-236. 
9. Kim H, Toyofuku Y, Lynn FC, et al. Serotonin regulates pancreatic beta cell mass 
during pregnancy. Nature medicine 2010; 16: 804-808. 
10. Sonda S, Silva AB, Grabliauskaite K, et al. Serotonin regulates amylase secretion 
and acinar cell damage during murine pancreatitis. Gut 2013; 62: 890-898. 
11. Walther DJ, Peter JU, Bashammakh S, et al. Synthesis of serotonin by a second 
tryptophan hydroxylase isoform. Science 2003; 299: 76. 
12. Grabliauskaite K, Hehl AB, Seleznik GM, et al. p21 limits senescence and acinar-
to-ductal metaplasia formation during pancreatitis. The Journal of pathology 2014. 
13. Bonner-Weir S, Baxter LA, Schuppin GT, et al. A second pathway for 
regeneration of adult exocrine and endocrine pancreas. A possible recapitulation 
of embryonic development. Diabetes 1993; 42: 1715-1720. 
14. Graf R, Schiesser M, Lussi A, et al. Coordinate regulation of secretory stress 
proteins (PSP/reg, PAP I, PAP II, and PAP III) in the rat exocrine pancreas during 
experimental acute pancreatitis. J Surg Res 2002; 105: 136-144. 
15. Factor VM, Seo D, Ishikawa T, et al. Loss of c-Met disrupts gene expression 
program required for G2/M progression during liver regeneration in mice. PloS 
one 2010; 5. 
16. Morris JPt, Cano DA, Sekine S, et al. Beta-catenin blocks Kras-dependent 
reprogramming of acini into pancreatic cancer precursor lesions in mice. The 
Journal of clinical investigation 2010; 120: 508-520. 
17. Jensen JN, Cameron E, Garay MV, et al. Recapitulation of elements of embryonic 
development in adult mouse pancreatic regeneration. Gastroenterology 2005; 
128: 728-741. 
18. Pin CL, Rukstalis JM, Johnson C, et al. The bHLH transcription factor Mist1 is 
required to maintain exocrine pancreas cell organization and acinar cell identity. 
The Journal of cell biology 2001; 155: 519-530. 
23 
 
19. Johnson CL, Kowalik AS, Rajakumar N, et al. Mist1 is necessary for the 
establishment of granule organization in serous exocrine cells of the 
gastrointestinal tract. Mechanisms of development 2004; 121: 261-272. 
20. Tian X, Jin RU, Bredemeyer AJ, et al. RAB26 and RAB3D are direct 
transcriptional targets of MIST1 that regulate exocrine granule maturation. 
Molecular and cellular biology 2010; 30: 1269-1284. 
21. Grasso D, Ropolo A, Lo Re A, et al. Zymophagy, a novel selective autophagy 
pathway mediated by VMP1-USP9x-p62, prevents pancreatic cell death. The 
Journal of biological chemistry 2011; 286: 8308-8324. 
22. Bjorkoy G, Lamark T, Brech A, et al. p62/SQSTM1 forms protein aggregates 
degraded by autophagy and has a protective effect on huntingtin-induced cell 
death. The Journal of cell biology 2005; 171: 603-614. 
23. Jena BP. Molecular machinery and mechanism of cell secretion. Experimental 
biology and medicine 2005; 230: 307-319. 
24. Jaworek J, Nawrot-Porabka K, Leja-Szpak A, et al. Melatonin as modulator of 
pancreatic enzyme secretion and pancreatoprotector. Journal of physiology and 
pharmacology : an official journal of the Polish Physiological Society 2007; 58 
Suppl 6: 65-80. 
25. Leja-Szpak A, Jaworek J, Tomaszewska R, et al. Melatonin precursor; L-
tryptophan protects the pancreas from development of acute pancreatitis through 
the central site of action. Journal of physiology and pharmacology : an official 
journal of the Polish Physiological Society 2004; 55: 239-254. 
26. Jaworek J, Szklarczyk J, Jaworek AK, et al. Protective effect of melatonin on 
acute pancreatitis. International journal of inflammation 2012; 2012: 173675. 
27. Jaworek J, Leja-Szpak A, Bonior J, et al. Protective effect of melatonin and its 
precursor L-tryptophan on acute pancreatitis induced by caerulein overstimulation 
or ischemia/reperfusion. Journal of pineal research 2003; 34: 40-52. 
28. Liou GY, Doppler H, Necela B, et al. Macrophage-secreted cytokines drive 
pancreatic acinar-to-ductal metaplasia through NF-kappaB and MMPs. The 
Journal of cell biology 2013; 202: 563-577. 
29. Pinho AV, Rooman I, Reichert M, et al. Adult pancreatic acinar cells 
dedifferentiate to an embryonic progenitor phenotype with concomitant activation 
of a senescence programme that is present in chronic pancreatitis. Gut 2011; 60: 
958-966. 
30. Kowalik MA, Perra A, Pibiri M, et al. TRbeta is the critical thyroid hormone 
receptor isoform in T3-induced proliferation of hepatocytes and pancreatic acinar 
cells. Journal of hepatology 2010; 53: 686-692. 
31. Ledda-Columbano GM, Perra A, Pibiri M, et al. Induction of pancreatic acinar cell 
proliferation by thyroid hormone. The Journal of endocrinology 2005; 185: 393-
399. 
32. Ebrahimkhani MR, Oakley F, Murphy LB, et al. Stimulating healthy tissue 
regeneration by targeting the 5-HT(2)B receptor in chronic liver disease. Nature 
medicine 2011; 17: 1668-1673. 
33. Nebigil CG, Etienne N, Messaddeq N, et al. Serotonin is a novel survival factor of 
cardiomyocytes: mitochondria as a target of 5-HT2B receptor signaling. FASEB 
journal : official publication of the Federation of American Societies for 
Experimental Biology 2003; 17: 1373-1375. 
24 
 
34. Gurbuz N, Ashour AA, Alpay SN, et al. Down-regulation of 5-HT1B and 5-HT1D 
receptors inhibits proliferation, clonogenicity and invasion of human pancreatic 
cancer cells. PloS one 2014; 9: e110067. 
35. Kageyama R, Ohtsuka T, Kobayashi T. The Hes gene family: repressors and 
oscillators that orchestrate embryogenesis. Development 2007; 134: 1243-1251. 
36. Rose SD, Swift GH, Peyton MJ, et al. The role of PTF1-P48 in pancreatic acinar 
gene expression. The Journal of biological chemistry 2001; 276: 44018-44026. 
37. Eum WS, Li MZ, Sin GS, et al. Dexamethasone-induced differentiation of 
pancreatic AR42J cell involves p21(waf1/cip1) and MAP kinase pathway. 
Experimental & molecular medicine 2003; 35: 379-384. 
38. Jopling C, Boue S, Izpisua Belmonte JC. Dedifferentiation, transdifferentiation 
and reprogramming: three routes to regeneration. Nature reviews Molecular cell 
biology 2011; 12: 79-89. 
39. Yanger K, Stanger BZ. Facultative stem cells in liver and pancreas: fact and 
fancy. Developmental dynamics : an official publication of the American 
Association of Anatomists 2011; 240: 521-529. 
40. Stanger BZ, Hebrok M. Control of cell identity in pancreas development and 
regeneration. Gastroenterology 2013; 144: 1170-1179. 
41. Liou RS, Anderson S. Activation of rabbit muscle phosphofructokinase by F-actin 
and reconstituted thin filaments. Biochemistry 1980; 19: 2684-2688. 
42. Sonier B, Arseneault M, Lavigne C, et al. The 5-HT2A serotoninergic receptor is 
expressed in the MCF-7 human breast cancer cell line and reveals a mitogenic 
effect of serotonin. Biochemical and biophysical research communications 2006; 
343: 1053-1059. 
43. Sonier B, Lavigne C, Arseneault M, et al. Expression of the 5-HT2A 
serotoninergic receptor in human placenta and choriocarcinoma cells: mitogenic 
implications of serotonin. Placenta 2005; 26: 484-490. 
44. Nebigil CG, Hickel P, Messaddeq N, et al. Ablation of serotonin 5-HT(2B) 
receptors in mice leads to abnormal cardiac structure and function. Circulation 
2001; 103: 2973-2979. 
45. Liu Y, Wei L, Laskin DL, et al. Role of protein transamidation in serotonin-induced 
proliferation and migration of pulmonary artery smooth muscle cells. American 
journal of respiratory cell and molecular biology 2011; 44: 548-555. 
46. Soll C, Jang JH, Riener MO, et al. Serotonin promotes tumor growth in human 
hepatocellular cancer. Hepatology 2010; 51: 1244-1254. 
47. Dor Y, Stanger BZ. Regeneration in liver and pancreas: time to cut the umbilical 
cord? Science's STKE : signal transduction knowledge environment 2007; 2007: 
pe66. 
48. Norum JH, Hart K, Levy FO. Ras-dependent ERK activation by the human G(s)-
coupled serotonin receptors 5-HT4(b) and 5-HT7(a). The Journal of biological 
chemistry 2003; 278: 3098-3104. 
49. Della Rocca GJ, Mukhin YV, Garnovskaya MN, et al. Serotonin 5-HT1A receptor-
mediated Erk activation requires calcium/calmodulin-dependent receptor 
endocytosis. The Journal of biological chemistry 1999; 274: 4749-4753. 
50. Launay JM, Birraux G, Bondoux D, et al. Ras involvement in signal transduction 
by the serotonin 5-HT2B receptor. The Journal of biological chemistry 1996; 271: 
3141-3147. 
25 
 
51. Lynn FC, Smith SB, Wilson ME, et al. Sox9 coordinates a transcriptional network 
in pancreatic progenitor cells. Proceedings of the National Academy of Sciences 
of the United States of America 2007; 104: 10500-10505. 
52. Richmond JE, Codignola A, Cooke IM, et al. Calcium- and barium-dependent 
exocytosis from the rat insulinoma cell line RINm5F assayed using membrane 
capacitance measurements and serotonin release. Pflugers Archiv : European 
journal of physiology 1996; 432: 258-269. 
53. Falardeau P, Heisler S. 5-Hydroxytryptamine synthesis, storage, and secretion 
from rat pancreatic acinar cells. Canadian journal of physiology and 
pharmacology 1984; 62: 755-761. 
54. Cuthbertson CM, Christophi C. Disturbances of the microcirculation in acute 
pancreatitis. The British journal of surgery 2006; 93: 518-530. 
 






